The authors report all-optical 100Gbit/s wavelength conversion employing cross-phase modulation for the first time.
Introduction: All-optical wavelength converters with 2R regeneration capabilities, that allow operation at speeds beyond the limits of electronic devices, will be essential in future wavelength division multiplexing (WDM) networks. Of particular interest are simple and compact wavelength converters that help to avoid wavelength blocking and facilitate WDM network management. All-optical wavelength conversion has successfully been demonstrated with semiconductor optical amplifier (SOA) devices exploiting the cross-gain modulation (XGM) effect as well as the cross-phase modulation effect (XPM). In the XGM scheme a strong input signal is used to saturate the gain of an SOA and thereby to modulate a CW signal carrying the new wavelength. Although XGM is limited by the relatively slow carrier recovery time within the SOA, impressive wavelength conversion of up to 40Gbit/s [1] , and with some degradation even up to 100Gbit/s [2] , has been demonstrated. Unfortunately, XGM is accompanied by large chirp and low extinction ratios [3] . To overcome these disadvantages, SOAs have been integrated in interferometric configurations, where the intensity modulation of the input signal is transferred into a phase modulation of the CW signal and exploited for switching. These XPM schemes enable wavelength conversion with lower signal powers, reduced chirp, enhanced extinction ratios and ultrafast switching transients that are not limited by the carrier recovery time. Subsequently wavelength conversion with excellent signal quality up to 40Gbit/s has been demonstrated [4, 5] . However, the simplest XPM wavelength converter is based on an SOA followed by a delayed-interference loop [5 -7] . Here, we report for the first time 100Gbit/s wavelength conversion exploiting the efficient XPM effect in an SOA. We use a fully integrated and packaged SOA delayedinterference configuration (SOA-DI) that comprises a monolithically integrated delay loop, phase shifter and tunable coupler. Only one input and one output fibre is needed to operate the device, which simplifies packaging. In addition, we believe that we report the best results for any SOA based wavelength conversion scheme at 100Gbit/s.
Configuration:
The SOA-DI configuration is shown in Fig. 1 . The device consists of a 1.2mm long SOA monolithically integrated with a delayed-interference loop formed by a 1 × 2 coupler and a tunable 2 × 2 coupler [5] . The longer arm of the delayed-interference section provides a 10ps delay and the shorter contains a phase shifter. Spotsize converters relax the fibre coupling tolerances at both facets. A multimode interference (MMI) filter [8] has been added to strip off higher order modes between the SOA and the interferometric section. Such higher order modes are likely to occur in highly confined waveguide structures as needed in our device to guarantee small radii of curvature. If they were not removed, they would degrade the extinction ratio at the output due to higher order mode interferences. We fabricated the SOA-DI configuration in InGaAsP/InP as described in [5] . The total size of the device is 1.3 × 6mm. The device easily fits into a 14 pin butterfly package, which is equipped with a thermo-electric cooling unit (Fig. 2) . Only one input and one output fibre are needed to run the device.
Operation principle: The device converts and reshapes a return-to-zero (RZ) input signal P in at λ 1 into a wavelength-converted signal P conv at λ 2 . The RZ input signal P in modulates the gain of the SOA and thereby the phase φ CW of the copropagating CW signal P CW as shown in the left bottom inset of Fig. 1 . The power of the RZ input signal has to be adapted such that it modulates the phase of the CW signal by π . The rise time of the induced phase shift in the P CW signal is almost zero and is only limited by the pulsewidth of the P in signal, whereas the fall time of the induced phase decays with the slower carrier recovery time. After the SOA, the P CW signal is split between the two arms of an interferometer and recombined in a 2 × 2 coupler. The coupler directs the P CW signal into the P inv output port if the two signals in the interferometer arms are in phase, whereas it couples it into the P conv output port if the phase difference is ∆φ CW = π . The P CW ,1 signal on the lower branch carrying the φ CW ,1 = + π phase shift first reaches the coupler and opens the switching window for the P conv output port, see right bottom inset of Fig. 1. 10ps later, when the P CW ,2 signal in the upper branch reaches the coupler, the phase difference is reset and the switching window in the P conv port closes. When the next input data pulse follows, the switching window is reopened by setting the phase of the lower branch again. In our case (100Gbit/s) the bits are introduced in intervals of 10ps. Because the delay at 10ps equals the bit period of 100Gbit/s, a non-return-to-zero (NRZ) format output is generated. By choosing a lower bit rate or a shorter delay loop, an RZ format output can be obtained with the same device [5] .
Experiments: For device characterisation we generated RZ input data signals P in with a pseudorandom bit sequence of 2 31 -1 at 100Gbit/s [9] . The input signals had a full width at half maximum (FWHM) of ~3ps and an average power of 8dBm in the device and were chosen at a wavelength λ 1 = 1.546 µ m. A CW signal P CW at λ 2 = 1.560 µ m carrying the new wavelength was externally combined with the P in signal and introduced into the input port. The phase shifter and the integrated tunable coupler were set such that the bit inverted and wavelength converted signal were directed to the output port. The bit inverted signals have a better signal amplified-spontaneous-emission (ASE) ratio and therefore are more advantageous since they contain all the signal pulse energy, whereas the non-inverted pulses are suppressed by the XGM that inevitably accompanies the XPM effect. In the following, we evaluate the Converter is formed by semiconductor optical amplifier (SOA) followed by a delayed-interference section Insets: phase relation of CW signal after SOA and before tunable coupler signal at the P inv output after filtering out the input signal. The current applied to the SOA was 420mA.
Eye diagrams of the 100Gbit/s signal as recorded with a 500Hz bandwidth photodiode are shown in Fig. 3 . There is not sufficient resolution to resolve the 100Gbit/s eye diagram. However, the 100Gbit/s signal was subsequently demultiplexed into ten signal streams of 10Gbit/s [9] and the eye diagrams of these demultiplexed signals show clear and open eyes. The eye diagrams of the second and ninth demultiplexed signals are shown as an example in the lower left and right inset of Fig. 3 . The BER of the converted 100Gbit/s signal, as shown in Fig. 4 , was measured after demultiplexing back to 10Gbit/s and feeding this signal to an optically preamplified pin receiver. Thus, the received power was measured for 10Gbit/s. The penalty is due to format conversion (~2dB), extinction ratio degradation (~0.5dB), the pattern dependence of long words (~3dB) and signal-to-noise ratio degradation. All ten demultiplexed signals gave a BER within 1dB around the depicted curve. The polarisation sensitivity against the input signal was below 2dB.
Conclusions:
We have performed the first 100Gbit/s wavelength conversion experiment exploiting cross-phase modulation in an SOA. A novel compact and fully packaged SOA delayed-interference wavelength converter was employed to perform the experiments. BER measurements show that these are the best SOA based wavelength conversion results ever obtained at 100Gbit/s.
